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ABSTRACT 
Pico projectors attached to mobile phones allow users to 
view phone content using a large display. However, to pro-
vide input to projector phones, users have to look at the 
device, diverting their attention from the projected image. 
Additionally, other collocated users have no way of inter-
acting with the device.  

We present ShadowPuppets, a system that supports collo-
cated interaction with mobile projector phones. Shadow-
Puppets allows users to cast hand shadows as input to mo-
bile projector phones. Most people understand how to cast 
hand shadows, which provide an easy input modality. Ad-
ditionally, they implicitly support collocated usage, as 
nearby users can cast shadows as input and one user can 
see and understand another user’s hand shadows.  

We describe the results of three user studies. The first 
study examines what hand shadows users expect will cause 
various effects. The second study looks at how users per-
ceive hand shadows, examining what effects they think 
various hand shadows will cause. Finally, we present quali-
tative results from a study with our functional prototype 
and discuss design implications for systems using shadows 
as input. Our findings suggest that shadow input can pro-
vide a natural and intuitive way of interacting with pro-
jected interfaces and can support collocated collaboration. 

Author Keywords  
Projector-camera system, mobile projector phone, shadow, 
gesture, interaction technique 

ACM Classification Keywords  
H5.2 [Information interfaces and presentation]: User Inter-
faces; B 4.2 Input Output devices 

General Terms 
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INTRODUCTION 
Sharing information displayed on a mobile device's small 
screen with collocated people can be difficult. Pico projec-

tors make it easier for mobile phone users to share visual 
information with those around them using a projected im-
age, which can be much larger than the device's screen. 
However, current commodity projector phones only sup-
port input via the handset’s user interface. As a result, users 
must look at the handset to interact with the phone's but-
tons or touch screen, dividing attention between the hand-
set and the projected display. This context switching can 
distract presenters and viewers from ongoing conversations 
taking place around the projected display. Additionally, 
viewers may find it difficult to interpret what the presenter 
is doing as he interacts with the handset, and they have no 
way of interacting with the system themselves. 

 
Figure 1: Interacting with ShadowPuppets prototype. 

We present ShadowPuppets, a mobile projector phone sys-
tem that allows users to provide input to the system by 
casting shadows (Figure 1). Users hold the mobile projec-
tor phone in one hand while casting shadows with the other 
hand, and shadows are detected using an attached camera. 
ShadowPuppets, like some previous research systems [3,4], 
precludes the need for visual attention to the device and 
supports ad hoc interaction with uninstrumented environ-
ments. Additionally, shadow interaction enables bystanders 
to provide input by casting hand shadows, without requir-
ing additional equipment. Potentially, multiple collocated 
users could interact simultaneously. 

We conducted a formative survey asking 19 smartphone 
users about the mobile phone applications they commonly 
use when collaborating with others in collocated settings. 
The maps and photo browsing applications were the most 
popular applications in these settings. These results formed 
the basis for guiding the design of shadows for our Shad-
owPuppets prototype. 
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Our first user study was focused on determining what types 
of shadows such a system should support, from the per-
spective of a user trying to interact with the system. In this 
study, we showed our participants video clips of different 
effects for both Maps and PhotoBrowser applications that 
would happen in response to a hypothetical user action (i.e. 
panning left on a map), though no shadow was shown. Par-
ticipants were then asked to produce the shadow that they 
felt most appropriate for causing that effect. The shadows 
we observed provided an initial set of shadows to explore. 

Since ShadowPuppets was motivated as a method for col-
located collaboration, we were also interested in how ob-
servers would interpret shadows. Our second user study 
focused on this observer perspective. We presented partici-
pants with videos of hand shadows and then asked them to 
determine what kinds of effects the actor in the video was 
trying to cause. 

In a final qualitative study, we documented how collocated 
users interacted with our functional ShadowPuppets proto-
type and reflected on their experiences. Our findings sug-
gest that shadows can provide a natural and intuitive way 
of interacting with projected interfaces and can support 
collocated collaboration. 

RELATED WORK 
We build on related work on mobile projector camera sys-
tems and gestural computing. We also consider how shad-
ows have been leveraged in interactive systems, and dis-
cuss relevant research on awareness in groupware. 

Augmenting the Environment with Mobile Projectors 
The seminal Everywhere Displays system [22] used steer-
able projectors to create multiple interactive surfaces 
within an environment. Researchers later investigated tech-
niques for interacting with handheld projected displays: 
moving and pressing buttons on the device [1], touching 
the projection surface with fingers [29] or moving the pro-
jector like a “spotlight” within a virtual information space 
[23]. Cao et al. expanded on this metaphor, employing pas-
sively tracked pens and projectors to define and interact 
with information spaces and creating techniques for collo-
cated collaboration with multiple projectors [3,4]. 

Researchers have also explored projector-device ensembles 
as a way of increasing interactive space. Bonfire [17] inte-
grates projectors with a laptop to extend the interactive 
space to the table. Similarly, PenLight [27] and Mouse-
Light [28] increase the interactive space for digital pens, 
providing visual feedback for interaction with paper. 

Harrison et al. [12] analyzed vibrations to detect taps on the 
skin, and demonstrated using their technique to interact 
with an interface projected on the body, and Mistry et al. 
[19] relied on computer vision for interaction with a wear-
able camera-projector system. In the projector-phone 
space, Greaves and Rukzio [10] found that users preferred 
projector-based interaction over phone-based interaction. 
Cowan et al. documented commodity projector phone use 
"in the wild" [6], finding that, even without projection-

specific input techniques, these devices afforded novel in-
teraction modalities. 

Gestural Interaction Techniques 
Gestural interaction addresses many of the issues we exam-
ine. A mobile touchscreen, such as the Touch Projector, 
can be used to interact with distant displays but requires all 
users to have a handheld device [2]. Computer vision has 
been used for un-instrumented detection of gestures, such 
as pointing [5] and pinching  [32]. Gustafson et al. [11] 
explore screenless, spatial, gestural interaction with Imagi-
nary Interfaces, relying on users' memory in lieu of visual 
feedback. However, it can be difficult for observers to in-
terpret a user’s intent based on his gestures, without visual 
feedback, and interpretability is important for collabora-
tion. 

Usage of shadows in interactive computer systems 
Shadows have been employed in interactive systems for 
both input and output because they are intuitively under-
stood by users. Shoemaker et al. explored using real and 
virtual shadow representations of users to extend user’s 
reach and enhance the interpretability of indirect interac-
tion with large wall displays [25], and Snibbe and Raffle 
[26] analyzed the use of virtual shadow silhouettes to rep-
resent participants in interactive museum exhibits. Hilliges, 
et al. motivate the use of shadow feedback for 3D interac-
tion above tabletops [13] and ShadowGuides [9] employed 
virtual shadows, visual representations of user's raw input, 
to guide users in learning tabletop gestures. 

Computer vision techniques have been developed for 
robustly detecting shadows [14] and shadow detection has 
been leveraged for estimating 3D hand positions [24], de-
tecting surface contacts [16], and tracking above-the-
surface interactions with multi-touch tables [7]. 

Awareness and presence in groupware 
Much work has focused on awareness and presence in 
groupware, to support anticipation and interpretation of 
others' intentions and actions [1]. The VideoArms system 
[30], which employed representations of users' arms, em-
phasized the role of embodiment for awareness in collo-
cated and remote collaboration and Pinelle et al. [21] found 
that relative interaction and an arm-like virtual embodiment 
were preferred for tabletop groupware. Ishii et al. [15] em-
phasized the value of "gaze awareness," awareness of what 
one's partner is looking at and attending to. Also, several 
systems, including VideoWhiteboard [31] and Distributed 
Designers' Outpost [8], have used shadows superimposed 
on the work surface to provide awareness of remote col-
laborators' activities.  

WHAT ACTIVITIES DO PEOPLE DO COLLABORA-
TIVELY ON THEIR MOBILE PHONES? 
We interviewed 19 volunteers (9 female), aged 21–56 (me-
dian 31.5) from within our institution about their smart-
phone usage habits. This survey was intended to guide the 
design of the ShadowPuppets system by highlighting po-
tential usage scenarios. Interviews lasted 15 minutes. Dur-
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ing the interviews, we asked users how often they perform 
various activities on their smartphones. We also asked how 
often they perform these activities collaboratively, in collo-
cated settings. Finally, we asked participants to pick the top 
three activities that were most important to them in the con-
text of collocated collaboration, and asked them to describe 
some recent scenarios.  

Figure 2 plots the activities that were rated most important 
by respondents for collocated collaboration. Viewing pho-
tos, using maps, taking photos, and searching the web rated 
highest. 

Since photo and map viewing were rated as the most im-
portant and most frequently performed collocated collabo-
rative activities, we decided to study those applications 
further in the context of ShadowPuppets. It is less readily 
apparent how photo capture and web search (which re-
quires extensive text entry) could benefit from gestural 
interaction with a projected display, even though these 
were highly rated as well.  
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Figure 2. Number of participants out of 19 who rated the re-
spective feature as “most important” for collocated collabora-
tion on their mobile phone. 

Current strategies for doing things together on phones 
Respondents reported strategies for collocated collabora-
tion on mobile phones varied widely. Their strategies fell 
into four categories: (1) one person controls the phone and 
verbalizes information for others, (2) one person holds up 
the phone for others to view, (3) the phone is passed 
around, and (4) someone shares a link or reference and 
others view the information their own phones. Strategies 
were selected based on group size, closeness of partici-
pants, availability of technology, the nature of the informa-
tion, and other contextual factors. Respondents also varied 
in their perceptions of device control and privacy: some 
would physically pass around their handsets while others 
guarded their mobile phones closely. 

USER STUDY 1: WHAT KIND OF HAND SHADOWS 
SHOULD BE USED? 
One of the motivations for using hand shadows as a ges-
tural input into our system was that users already know 
how to generate shadows with their hands. Although all 
users know how to cast different shadows, it was unclear 

what shadows users would expect to cause the different 
effects that an application might support. 

The purpose of this study was to see what kinds of shad-
ows users would expect to cause various effects in the in-
terface. We structured our study based on Wobbrock et 
al.’s study of user generated gestures for surface computing 
[33]. In this study, participants were shown video clips of 
effects (e.g., a map panning left) for a Maps and a Photo-
Browser application and asked to generate hand shadows 
they felt would cause those effects. 

Interfaces and Operations 
Based on our survey results, we chose Maps and Photo-
Browser as our interface conditions. For each of these con-
ditions, we considered 7 operations: 4 Pan operations (Up, 
Down, Left, Right), 2 Zoom operations (In, Out), and Selec-
tion. We chose these operations because they are com-
monly performed by users interacting with these applica-
tions, and because they could be readily conceptually 
mapped to spatial gestures. 

For the PhotoBrowser application, Pan Left and Pan Right 
are used to view the previous and next photo, Pan Up and 
Pan Down are used to scroll through a list of thumbnails, 
Zoom In and Zoom Out are used to change the view of a 
photo, and Select may be used to choose a thumbnail or 
interact with a menu. Similarly, in the Maps application, 
users can Pan (we constrain the operation to 4 directions), 
Zoom In or Out on the map, and Select a marker or icon on 
the map or a menu option. 

While shadow gestures could potentially support more nu-
merous operations, we constrained the study to existing 
mobile applications, rather than exploring the breadth of 
possible interactions. Future work could unlock the poten-
tial of the ShadowPuppets approach. A primary challenge 
for scaling this technique to a larger number of gestures is 
to design gestures that the vision system can recognize and 
that users can readily learn, perform, and interpret. 

Task 
Participants were shown a video of an effect of what might 
happen in response to some user action. They were then 
prompted to cast the shadow that they felt would be most 
appropriate for causing that effect. 

Immediately after casting the shadow, participants were 
asked to rate two statements on a 7-point Likert scale 
(1=disagree, 7=agree). The first read, “The shadow I cast 
was a good match for causing this effect.” The second 
read, “The shadow I cast was easy to make.” 

Apparatus 
A C# program was used to present videos of the effects of 
gestures to users. We used a Microvision SHOWWX laser 
pico projector to display the videos. The users and their 
shadows were video recorded. 
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Participants 
Sixteen volunteers (9 female) ranging in age from 24 to 56 
years (median 28.5) were recruited from within our institu-
tion. All participants were right-handed. We did not recruit 
left-handed participants because we expected that some of 
the tasks might be harder, depending on which hand was 
holding the projector. Half of our participants owned mo-
bile phones with multitouch capabilities. 

Hypothesis 
We expected that most participants would cast similar sha-
dows for any given effect. We also hypothesized that own-
ers of multitouch phones would cast different types of sha-
dows, given their experience with gestural interfaces.  

Experimental Design 
We used a within-participants factorial design. The inde-
pendent variables were Applications (Map and Photo-
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Table 1. The most common shadows generated by users for panning, zooming and selection. (Left) shows the shadows made in 
the Owner condition. (Right) shows the shadows made in the Collaborator condition. These are representative of shadows gen-

erated by users in Study 1 and formed the basis for the video clips used in Study 2. 
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Browser), Roles (Owner and Collaborator), and Effects 
(Pan Up, Pan Left, Pan Right, Pan Down, Zoom In, Zoom 
Out, and Select). 

Presentation of Application was counterbalanced across 
participants. We considered mixing tasks from the two 
Application conditions together. However, that might have 
caused users to converge on the same set of gestures for 
both contexts, a behavior that we were independently inter-
ested in.  

For each application, we considered two Role conditions: 
Owner and Collaborator, with order of presentation coun-
terbalanced across participants. In the Owner condition 
participants held the projector in their left hands and ges-
tured with their right hands, standing 6 feet from the pro-
jection surface. In the Collaborator condition participants 
did not hold the projector and stood forward and to the left 
of the projector, 3 feet from the projection surface. Because 
Collaborators had both hands free, they could use either or 
both hands to cast shadows. Within each condition, the 
various Effects were presented in random order.  

In summary, the experimental design was: 2 Applications 
(Map and PhotoBrowser)  × 2 Roles (Owner and Collabo-
rator) × 7 Effects (Pan Up, Pan Down, Pan Left, Pan 
Right, Zoom In, Zoom Out and Select). This resulted in 28 
videos shown to 16 participants for a total of 448 shadows. 

Goodness of Match and Ease of Making Gesture 
We examined the participant ratings using the Mann-
Whitney test. Participants rated their shadows in the Col-
laborator condition (median = 6) with significantly higher 
goodness ratings (U = 21468.00, z = 2.74, p < .01) than in 
the Owner condition (median = 6). They also rated their 
shadows in the Collaborator condition (median = 7) with 
significantly higher easiness ratings (U = 21201.50, z = 
2.944, p < .01) than in the Owner condition (median = 6). 

Owners of multitouch mobile phones rated their shadows 
significantly higher on the goodness rating (median = 6, U 
= 21201.50, z = 2.944, p < .01) than non-owners (median = 
6). Owners of multitouch devices also rated their shadows 
significantly easier (U = 20102.00, z = 3.821, p <.001) than 
non-owners (median = 6). 

Most Common Gestures 
Here we highlight some of the more common shadows 
made in response to the different effects. The most popular 
gestures are highlighted in Table 1. In general, participants 
would perform similar gestures for a particular effect re-
gardless of the role of Owner or Collaborator. 

Collaborator 
Pan: Participants would move their hand or arm across the 
projection in the direction they wanted to pan. Twelve of 
16 participants performed this type of gesture. This is 
shown as Arm Up/Down/Left/Right in Table 1. 

Zoom: Participants were split on their zooming technique 
when standing near the wall. Nine of 16 participants per-
formed large opening and closing gestures with their arms 

(Arms Open/Close). Three participants performed an open-
ing or closing of their hand (hand open/close). Four par-
ticipants would move their hand toward or away from the 
wall (Arm Toward/Away).  

Select: Fourteen participants performed some variant of 
pointing for selection (Point). Of these fourteen, ten would 
hold their finger near the marker and dwell, while others 
would wiggle or tap their finger to indicate selection. 

Owner 
Pan: Similar to the Collaborator condition, 12 participants 
moved their hand in the direction they wanted to pan 
(Hand Up/Down/Left/Right). 

Zoom: Eleven participants performed some form of pinch-
ing (Hand Open/Close) to zoom in and out. Four partici-
pants moved their hand toward or away from the wall 
(Hand Toward/Away) to zoom. 

Select: Participants used the same form of selection as in 
the Collaborator condition, with 14 participants perform-
ing some form of pointing (Point). 

Discussion 
The results of this study show that there was high agree-
ment for many gestures, and similar shadows were cast for 
both the Maps and PhotoBrowser applications. Yet multi-
ple gesture aliases may be helpful for supporting different 
usage scenarios (e.g. right or left-handed) when there is 
low agreement [33]. For example, there was some dis-
agreement among users regarding pan direction, e.g. some 
users wanted to move their hands up to Pan Up while oth-
ers wanted to move their hands down to cause the same 
action. Also, some users thought of zooming as expanding 
/ contracting (performed with pinching gestures) while 
others thought of it as pushing / pulling (performed by 
moving hands or arms toward or away from the projector). 
In cases like this, the designer can either make an arbitrary 
choice or provide aliases from which users can choose.  

Users typically wanted to perform symmetric gestures to 
perform inverse operations, but this was not always com-
fortable. Moving the right hand from left to right to Pan 
Right (Owner condition) was difficult when holding the 
projector in the left hand. Similarly, trying to move the arm 
right to left can be difficult when standing on the left side 
of the projection (Collaborator condition). 

Most participants preferred the Collaborator condition (14 
for Maps and 13 for Photos). They preferred Collaborator 
because their hand shadows were smaller relative to the 
display. As a result, they were able to control their shadows 
with finer granularity, and their shadows occluded less of 
the display. This was also reflected in significantly higher 
goodness and easiness ratings. Participants also described 
Collaborator as more “intuitive” since their shadows typi-
cally remained within the frame. In contrast, when they 
were holding the projector in the Owner condition, they 
had to first locate the projection frame and then position 
their hand appropriately. Participants also described Col-
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laborator as more “familiar” and “comfortable.” The par-
ticipants who preferred Owner cited feeling more in con-
trol. 

Even though we told participants that we were studying 
how to use shadow gestures for interaction, many of them  
described the experience as "like using a touch screen". 
They viewed shadows as a kind of virtual touch on the pro-
jection surface, i.e., the shadows were the contact points on 
a virtual, distant touchscreen. 

Users typically mentioned familiar metaphors to describe 
their shadow gestures, which seemeed to provide some 
benefits of virtual reality. They drew on the direct manipu-
lation GUI paradigm (“using a trackball or mouse”, “click-
ing”, “using a scrollbar”) and on the physical world 
(“grasping,” “pushing,” “pulling,” “pinching,” “tapping,” 
“clicking,” and “pointing”). Only one user made a symbolic 
gesture (drawing a "z" with her finger to zoom). 

In many cases, our participatory design approach resulted 
in direct translations of familiar multi-touch gestures, 
drawn from participants' prior knowledge and experiences. 
Direct translations, however, may sometimes be appropri-
ate and are common starting points in new domains. 

USER STUDY 2: DO USERS UNDERSTAND OUR LAN-
GUAGE OF HAND SHADOWS 
The previous study helped guide the set of shadows that 
our system should support. However, it remained to be 
seen whether casual observers would be able to determine 
the desired effect when shown a shadow gesture. As we 
alluded to earlier, this would be a potential benefit of using 
shadows for collocated interaction. 

The purpose of this study was to see whether participants 
would be able to identify what action a user was trying to 
perform based on his hand shadow. 

We also hoped to gain insight on an observation from the 
previous study regarding different shadows. For certain 
effects, multiple types of shadows were observed. Were 
some shadows more understandable than others? 

In the previous user study we showed users an effect and 
elicited the gesture that would cause it. In this study, we 
did the inverse. We presented participants with a video clip 
of a shadow being cast and asked them what effect they 
thought it would cause. We were motivated to run this fol-
low-up study, as suggested by Wobbrock, et al. [33], to 
gauge the intuitiveness of the gestures elicited in the previ-
ous study.  

Task 
We presented short video clips (about 2s in duration) of an 
actor making hand gestures that cast shadows on a static 
image of a map projected onto a wall. For each video of a 
shadow gesture, we asked the participant to describe what 
he thought the actor was trying to do with the map. In the 
video, the map did not actually respond to the shadow ges-
tures (rendering this task harder than understanding inter-

action with a working system that provided immediate 
feedback). Rather than give users options of different ef-
fects to choose from, we left it as an open-ended response. 
This more closely reflected a real-world situation whereby 
one user has to determine what another user is trying to do 
based on their shadow. 

Participants 
We recruited 16 volunteers (8 female) aged 20–57 (median 
28.5) from within our institution. Eleven were smartphone 
owners, and 5 were owners of multitouch mobile phones. 
No participants were reused from User Study 1, since prior 
experience could bias participants' understanding. 

Gestures 
Based on the results of our previous study, we selected a 
set of gestures for each effect to present to users. Partici-
pants in Study 1 performed many distinct gestures, and we 
aggregated them to create canonical gestures, trying to bal-
ance ease of recognition for users and for the system. 
Hence we recorded videos of an actor performing these 
canonical gestures, rather than using videos of participants' 
"raw" gestures captured during the previous study. 

The set of gestures in the Collaborator condition include 4 
panning gestures (Arm Left, Arm Right, Arm Up, Arm 
Down), 3 variations on zoom in and zoom out (Hand Open 
and Hand Close, Arms Open and Arms Close, Arm Toward 
and Arm Away), and selection (Point). The set of gestures 
in the Owner condition include 4 panning gestures (Hand 
Left, Hand Right, Hand Up, Hand Down), 2 variations on 
zoom in and zoom out (Hand Open and Hand Close, Hand 
Toward and Hand Away), and selection (Point) triggered 
by dwell. 

Experimental Design 
In our previous study, people used similar gestures for in-
teracting in the Maps and Photos conditions, so in this 
study, we considered only one condition. We arbitrarily 
decided to use Maps. We presented the gesture videos us-
ing the same two role conditions as in User Study 1: Col-
laborator and Owner. Order of presentation was counter-
balanced across participants. Within each condition, opera-
tions were presented in random order. Each participant 
observed 20 shadows: 11 shadows in the Collaborator 
condition, and 9 shadows in the Owner condition. 

Results 
Gender had an effect on goodness ratings with females 
rating (median = 6) the shadows significantly higher (U = 
9675.50, z = 3.914, p < .001) than males (median = 6).  

There were no significant differences in goodness ratings 
for the different zooming techniques. 

We aggregated responses across participants, and found 
that participants rated the Owner condition (median = 6) 
significantly higher (U = 10692.50, z = 2.492, p < .05) than 
the Collaborator condition (median = 6). 
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Table 2: Effects (column) perceived by participants for each 
of the different gestures (row) used in the Owner condition. 
Shaded boxes indicate effects we expected to see for each par-
ticular gesture. 

In a post-study questionnaire, we asked each participant 
which role condition they preferred overall. Five users pre-
ferred Collaborator, citing the finer granularity (the hand 
shadow appears smaller, enabling more precise gestures) 
and the clarity from two handed usage. Eleven users pre-
ferred Owner, because the gestures were more clearly de-
fined (framed by the projection area) and more similar to 
familiar touchscreen gestures.  
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Table 3: Effects (column) perceived by participants for each 
of the different gestures (row) used in the Collaborator condi-
tion. Shaded boxes indicate effects we expected to see for each 
particular gesture. 

Table 2 and Table 3 tally the effects that our participants 
associated with different gestures. On the whole, the effects 
associated with the different hand shadows reflected simi-
lar findings to User Study 1. The outliers associated 
slightly different effects with certain hand shadows due to 
ambiguities arising from body mechanics. For example, 
one person thought the Collaborator Arm Up and Collabo-
rator Arm Down gestures were intended to rotate the map 
because, in the video, the user's arm moves up or down 
relative to the shoulder's axis. Similarly, viewers expressed 
confusion when gestures for performing inverse operations 

were not symmetrical. For example, in the videos for 
Owner Hand Left and Owner Hand Right, the hand is fac-
ing different directions, which feels more natural. 

Like in User Study 1, there was some confusion regarding 
gestures for Zoom In and Zoom Out. We believe that in an 
interactive system, this ambiguity will resolve itself. 

SHADOWPUPPETS PROTOTYPE 
We built a functional prototype to enable us to study the 
social implications of ShadowPuppets. The system consists 
of a Logitech 1.3 MP webcam attached to a Microvision 
SHOWWX laser pico projector (Figure 1). Due to low re-
fresh rates associated with the video-out functionality of 
mobile phones, we used a laptop to drive the display of our 
prototype . This prototype is intended to simulate a future 
version running on a mobile phone. The camera and pro-
jector are 6cm apart, reasonable for a handheld device. 

Gesture Recognition 
Our ShadowPuppets prototype was written in C++ using 
OpenCV. At startup, a calibration step is performed to de-
tect the outer edges of the projected image and the gray-
scale value of the projection surface. Each frame is thresh-
olded to extract the shadow pixels—pixels with grayscale 
values close to that of the projection surface. 

Connected components within the shadow pixels are de-
tected and then filtered, keeping only the blobs with areas 
above a threshold, to reduce noise. The system detects a 
pan or zoom gesture when the average second derivative of 
the shadow pixels' centroid position or total area over a 
window of time is above a threshold, and it detects a select 
gesture when these metrics are below a threshold. We use 
the second derivatives to avoid the need for an explicit 
clutching mechanism. The system recognizes one gesture at 
a time, and a timeout is inserted after recognition to avoid 
falsely interpreting recoil actions as gestures. 

Selection (Point) 
To detect pointing shadows, we detect fingertips using an 
approach similar to Manresa et al. [18]; we look for points 
on the convex hull that are separated by defects, using the 
point separated by the deepest defects as our estimate of 
the fingertip. 

When the location of this fingertip is stable over a window 
of time, we trigger a selection event. The projected map 
indicates selection by displaying a pop-up box with infor-
mation about the selected point. The pop-up is removed 
when another form of input is detected. 

Panning (Hand Up, Hand Down, Hand Left, Hand Right) 
We track the acceleration of the shadow blob's centroid, 
taking the average over a sliding window (tuned empiri-
cally) of video frames to smooth the sensed data. If the 
average acceleration in the vertical or horizontal direction 
is above a threshold, then we fire a Pan event (Up, Down, 
Left, or Right), choosing the direction with highest average 
acceleration. The projected map provides visual feedback, 
panning in the indicated direction. Similar to existing map 
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applications, we use high initial velocity with constant ac-
celeration in the direction opposite of motion. 

Zooming (Hand Toward, Hand Away, Pinching) 
Our prototype supports two methods of zooming. Users 
can either move their shadow towards/away from the wall, 
or they can perform pinching. 

To detect moving the shadow towards/away from the wall 
we track the second derivative of the change in area of the 
shadow blob. Again, we use the average over a sliding win-
dow for smoothing, and if this average is above a threshold 
we detect a Zoom input event. 

Pinching was implemented by detecting finger points, simi-
lar to selection. When a transition from one fingertip to two 
fingertips was observed in close proximity, we fired a 
Zoom event. Unfortunately, in our pilot studies we found 
that the hand often occluded the shadow in the camera, 
making detection of this technique unreliable. Because of 
its unreliability, we left it out of our final user study. In-
creasing the distance between the camera and projector 
would reduce occlusion but would also increase the size of 
the device. A potential future approach could combine sha-
dow and hand detection. 

Implementation challenges 
Pico projector-based shadow gesture recognition faces 
some general challenges. Shadow detection requires suffi-
cient contrast between the shadow and the projected con-
tent, and may suffer if ambient light is bright. 

USER STUDY 3: EXPERIENCES WITH THE SHADOW-
PUPPETS PROTOTYPE 
We conducted a laboratory-based pairs study with our Sha-
dowPuppets prototype to gain insight into users' experi-
ences when using shadow gestures for collocated collabo-
ration. We hoped to learn how it feels to perform the ges-
tures with an interactive system, and what social and tech-
nical issues arise when two users interact with the system 
together. Our prototype supports a simple maps applica-
tion, that responds to ShadowPuppets hand shadow ges-
tures, and we observed pairs of participants using it. 

Task 
We first briefly demonstrated how to use each supported 
gesture to interact with the maps application. The prototype 
supports 7 different types of shadows (for both roles Col-
laborator and Owner): Hand/Arm Right to Pan Right, 
Hand/Arm Left to Pan Left, Hand/Arm Up to Pan Up, 
Hand/Arm Down to Pan Down, Hand/Arm Toward to 
Zoom In, and Hand/Arm Away to Zoom Out.  

During the study, one participant performed gestures in the 
Collaborator conditions, while the other participant ges-
tured in the Owner condition, as described previously. We 
asked the participants to interact with the map for 10 min-
utes using ShadowPuppets, then trade roles (Collaborator / 
Owner) and interact with the map for another 10 minutes. 
In a post-study interview, we asked participants to describe 
how it felt to perform each class of gesture: Panning, 

Zooming, and Selection.  We also asked the participants to 
reflect on their preferences, between the Collaborator and 
Owner conditions, and their overall experiences using Sha-
dowPuppets as a pair. We asked participants to think aloud 
during the task. 

Participants 
We recruited 8 volunteers (3 female), aged 24–30 (median 
27) in 4 pairs of acquaintances, from within our institution. 
Five participants were reused from User Study 2. Seeing 
shadow gestures on video beforehand was not likely to bias 
participants' experiences performing them, since gestures 
would be demonstrated for training purposes. 

Results 
All participants learned the gestures quickly; they were 
able to remember them after viewing a single demonstra-
tion of each, and described them as "intuitive" and "making 
sense". 7 of 8 participants had positive overall impressions, 
describing shadow gestures as "natural", "cool", and "use-
ful". The 8th participant explained that he does not like any 
gestural interfaces because they are imprecise.  

Participants envisioned using shadow gestures to interact 
at-a-distance during presentations while teaching, while in 
a meeting, or while sharing photos or videos with friends. 
One participant, a projector-phone user, volunteered that 
she would want to use shadow gestures individually to get 
the full benefits of a large projected display, avoiding hav-
ing to interact with it via the phone's screen. 

Panning 
All participants volunteered that panning felt “comfort-
able,” “natural,” and “intuitive.” One participant felt that 
the gestures were too large, and would prefer if a smaller 
physical movement would results in a larger movement of 
the map. Six participants wanted to have more control over 
how much or how fast to pan, suggesting that the distance 
and speed of the gesture should correspond to the distance 
and speed of the pan. Four participants suggested imple-
menting a clutching mechanism, e.g. a hand gesture such as 
"grabbing", to control when a gesture should activate an 
input event. Four participants experimented with moving 
the projector relative to the shadow to pan. 

Zooming 
All the participants described zooming as intuitive and 
feeling good. One participant (who also participated in the 
inverse gesture study) commented that he had hated the 
hand toward / away gestures in the videos but that doing it 
was a lot more intuitive, "like bringing the map closer to 
you or pushing it away from you". 

Selection 
All the participants liked using pointing for selection. Two 
participants suggested making a "tapping" finger motion to 
activate selection (as suggested in Study 1). Another par-
ticipant remarked that shadows are especially good for 
pointing because it's unambiguous what you are pointing 
at. He explained that "when you're in a group and just 
pointing, the perspective is different for different people, 
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but shadows make it much clearer since everyone sees the 
same shadow". 

Collaborator / Owner Conditions 
Six participants preferred the Collaborator condition be-
cause they didn't have to hold the projector steady while 
gesturing. Four of the participants said that holding the 
projector and gesturing felt awkward, and one participant 
noted that the shadow was too large to control since a small 
movement had a big effect. Two participants preferred the 
Owner condition because they felt that the person holding 
the projector had priority to make gestures and had more 
control: "I don't think you have as much control if you're 
not holding it.” 

Social Aspects of Collaboration with ShadowPuppets 
All the participants liked that more than one person could 
interact with and manipulate the map, and thought shadow 
gestures would be good for group interaction. All the partici-
pants said that while interacting, they primarily focused their 
attention on the shadows on the projected display, while at-
tuning to their partners in their peripheral vision. 

Because the prototype does not support multiple gestures 
simultaneously, pairs took turns, negotiating control verbally 
or by body language ("if they look like they're going to do 
something"). When the pair members both tried to gesture 
simultaneously, several strategies occurred for managing 
conflict: they verbally negotiated, both participants backed 
off and then tried again after an interval, or they "went over 
the top of each other and the map did its own thing". One 
pair of participants experimented with collaboratively coor-
dinating their actions, with one moving the projector relative 
to the other's hand. 

During the interaction task, one participant in the Owner 
condition intentionally thwarted his partner's gestures by 
pointing the projector away from her, and unintentionally 
caused the same problem in the Collaborator condition by 
standing in front of the projected display and occluding it. 
After the task, when asked how they would prevent the other 
person from doing something, participants said they would 
make a confounding gesture ("making the opposite gesture", 
"waving my arms around", or "doing the chicken dance"), 
move the projector to point in a different direction (as ob-
served), or occlude the projector by covering it with a hand 
or standing in front of it.  

REFLECTIONS ON SHADOW-BASED INPUT 
Initial experiences with ShadowPuppets indicate that the 
system shows promise for collocated collaboration. Both 
participants in each pair were able to view and interact with 
the projected application, maintaining awareness of each 
other's actions while focusing on the shared display. Study 3 
highlights the following issues. 

Challenge of Designing for Performers and Observers 
Supporting both performers and observers of shadow ges-
tures presents a challenge, since they may have conflicting 
experiences and goals. To facilitate collocated collaboration 
shadows should be intuitive and comfortable to perform, and 

also easy to interpret. Yet these goals may be at odds with 
one another. For example, users in Study 1 found it easier to 
control their gestures in the Collaborator role, while users in 
Study 2 found shadows cast in the Owner role to be clearer. 
Similarly, in Study 1 users sometimes performed asymmetric 
gestures to perform inverse operations in a way that felt com-
fortable, while users in Study 2 found those gestures harder 
to interpret.  

Need for Fine-Grained Interactions 
As a first step toward understanding shadow gestures for 
interaction, we have examined coarse-grained interaction. 
Although, we explicitly focused on this part of the design 
space, users wanted more precision. For example, we se-
lected a set of 7 relatively coarse operations to study and 
implement, and presented them to users in general terms 
(e.g., "pan left" rather than "pan left such that the marker on 
the map is centered"). Yet in Study 3, participants wanted 
their shadows to perform more precise operations (e.g., con-
trolling the range and speed of panning and zooming), and in 
Study 2 they often interpreted gestures more precisely than 
we intended. 

Most Popular Gestures May Not Be Best 
We posit that the most popular gestures are not necessarily 
the best. For example, the gestures with highest agreement 
scores in User Study 1 may simply be the most familiar, 
since ShadowPuppets uses a new form of interaction. People 
are biased by what is familiar to them and new ways of inter-
acting may not occur to them immediately. For example, 
many users drew on pinching gestures from iPhone interac-
tion, while only 25% of users suggested motion in the throw 
dimension (toward or away from the projector). Users' prior 
expertise also led them to rate pinching gestures higher on 
the goodness and easiness ratings. Yet in User Studies 2 and 
3, we found that Hand Toward / Away and Arm Toward / 
Away were intuitive to most users. If we had only considered 
the results of User Study 1, we might not have even explored 
those gestures at all. As Norman proposed, user-centered 
design may not always be the right approach [20]. 

CONCLUSION AND FUTURE WORK 
In this paper we presented ShadowPuppets, a system that 
allows collocated users to provide input to a mobile projector 
based system by casting hand shadows.  

We made four contributions. First we presented the results of 
a user study examining what types of shadows users expect 
to cause different effects. Second, we examined what kinds 
of effects users expect different hand shadows to cause. 
Third, we presented the design and implementation of the 
ShadowPuppets prototype, allowing collocated users to in-
teract with a projected display. Finally, we presented the 
results of a user study of our prototype, suggesting issues that 
arise with using shadow-based input. 

As future work, we plan to examine how to combine some of 
the coarse-grained interaction techniques described here with 
other techniques that provide fine-grained control. 
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